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FOREWORD 


This  is  the  final  report  of  a  program  conducted  by 
Garrett  Pneumatic  Systems  Division  of  The  Garrett  Corpora¬ 
tion  (formerly  AiResearch  Manufacturing  Company  of 
Arizona).  The  purpose  of  this  program  was  to  develop  a 
dual-channel  electrical  and  fluidic  fuel  control  for  appli¬ 
cation  on  typical  military  automotive  gas  turbine  engines. 
This  is  the  second  phase  of  the  program  and  is  devoted  to 
the  development  of  critical  fluidic  computational  and  con¬ 
trol  mode  switching  logic  circuits. 

The  program  was  authorized  by  the  Naval  Air  Systems 
Command  under  Contract  N00019-78-G-0288  and  was  monitored  by 
Mr.  John  Goto  of  Harry  Diamond  Laboratories  of  the  Depart¬ 
ment  of  the  Army.  The  program  was  conducted  from  April, 
1978,  to  August,  1980. 

Publication  of  this  report  does  not  constitute  approval 
by  any  member  of  the  Department  of  Defense  of  the  findings 
or  conclusions  contained  herein. 
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1. 


INTRODUCTION 


This  is  the  final  report  of  Phase  II  of  a  program  con¬ 
ducted  by  Garrett  Pneumatic  Systems  Division  (formerly 
AiResearch  Manufacturing  Company  of  Arizona)  to  develop  the 
fluidic  portion  of  a  dual-channel  fuel  control.  The  control 
is  intended  for  use  on  a  military  gas  turbine  engine  such 
as  the  ITI-GT601  engine.  The  primary  objective  of  the 
program  was  to  obtain  a  control  system  with  two  complete  and 
parallel  modes  of  control  represented  by  dissimilar  tech¬ 
nologies.  To  this  end,  the  primary  controller  is  electronic 
and  the  secondary  controller  is  fluidic. 

The  tasks  to  be  performed  in  this  phase  of  the  program 

were: 

1.  Preparation  of  a  preliminary  packaging/ 
installation  layout  for  all  fluidic  sensors 
and  interface  components. 

2.  Analysis  and  design  of  an  engine  speed  sensor 
which  would  meet  engine  performance.  Fabri¬ 
cation  and  laboratory  testing  of  the  speed 
sensor,  emphasizing  acceleration/decelera¬ 
tion  and  overspeed  control. 

3.  Development  of  critical  fluidic  computa¬ 
tional  and  control  mode  switching  logic 
circuits,  including  fabrication  and  labora¬ 
tory  test. 

1 . ]  Background 

The  dual-channel  fuel  control  concept  is  seen  as  a 
means  of  increasing  the  survivability  of  combat  vehicles  in 
battle  conditions.  Presently,  controls  on  some  military  gas 
turbines  provide  only  a  marginal  "limp-home"  backup  mode  in 
the  event  that  the  primary  controller  (electronic)  fails  and 
the  capability  of  restart  is  also  lost. 

In  Phase  I  of  this  program  (the  results  of  which  were 
presented  in  Report  HDL-CR-78-186-1)  ,  it  was  determined  that 
the  dual-channel  fuel  control  concept  was  feasible.  The 
ITI-GT601  gas  turbine  was  used  as  a  model.  Beyond  the  con¬ 
ventional  fuel  control  parameters  used  with  gas  turbine 
engines,  the  GT601  engine  has  a  variable  turbine  nozzle 
(VTN)  system  and  a  recuperator  (stationary)  heat  exchanger 


which  increase  the  required  control  parameters  for  this 
engine.  Figure  1  depicts  a  schematic  diagram  of  a  typical 
military  gas  turbine  engine.  A  block  diagram  of  the  dual¬ 
channel  concept  developed  for  this  program  using  fluidic 
technology  is  shown  in  Figure  2. 

1. 2  Summary 

This  phase  of  the  Dual-Channel  Fuel  Control  Development 
Program  addressed  the  evolution  and  development  of  fluidic 
circuits  to  accomplish  the  following: 

1.  Detect  an  electronic  fuel  control  failure 
condition. 

2.  Execute  a  control  mode  selection. 

3.  Switch  from  the  primary  electronic  control 
mode  to  the  fluidic  mode  in  sufficient  time 
to  prevent  engine  failure.  The  failure  modes 
evaluated  were  those  which  were  beyond  the 
capability  of  manual  switchover. 

A  preliminary  analysis  of  the  ITI-GT601  engine  was  made 
to  assess  the  feasibility  of  installation  of  redundant  sen¬ 
sors  for  fluidic  controls.  Upon  satisfactory  conclusion  of 
this  feasibility  study,  further  interface  design  was  left 
for  sensor  design  in  Phase  III. 

The  major  work  effort  for  Phase  II  consisted  of  two 
parts  which  are  shown  diagramatically  in  Figure  3.  Part  One 
addressed  the  analysis  and  design  of  the  critical  switching 
circuits  and  interface  schemes.  In  Part  Two,  the  critical 
sensing  components  [gas  generator  turbine  inlet  temperature 
(T^)  and  gas  generator  speed  (Nqq))  and  switching  circuits 

were  fabricated  and  tested.  The  present  temperature  sensor 
for  the  GT601  engine  is  a  fluidic  oscillator  with  an  elec¬ 
trical  output.  For  this  program,  the  direct  fluidic  fre¬ 
quency  output  of  the  oscillator  was  used.  Performance  simu¬ 
lations  were  conducted  using  a  pseudo-temperature  test  rig. 

Numerous  speed  sensor  concepts  were  evaluated  and 
tested  for  the  Mobility  Equipment  Research  and  Development 

Command^.  The  digital-type  speed  sensor  (chopper)  with  a 

^  Mobility  Equipment  Research  and  Development  Command,  Final 
Report  DAAK70-78-C-0093. 
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Figure  1. 


Schematic  diagram  of  typical  military 
automotive  gas  turbine  engine. 


Figure  2.  Block  diagram  of  dual-channel  fuel  control 


PART  1 


PART  2 


ANALYSIS 


FABRICATION  AND  TESTING 


Figure  3. 


Failure  detection  circuit  analysis  diagram. 
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f requency-to-analog  converter  was  evaluated;  however,  the 
laminar  amplifier  disc  speed  sensor  described  in  Reference  1 
was  considered  to  have  the  greatest  potential  for  success  in 
this  application.  This  sensor  was  evaluated  and  tested  for 
this  application  and  will  be  further  developed  in  Phase  III. 

2.  TECHNICAL  DISCUSSION 

2. 1  Analysis 

Figure  4  represents  a  typical  automatic  gas  turbine 
engine . 


GASCENERATOR 


THE  CRITICAL  FAILURE  PARAMETERS  ARE  Nqq  AND  T, 


Figure  4.  Typical  automotive  gas  turbine  engine. 
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Of  all  the  components  of  a  gas  turbine  engine,  the  com¬ 
bustor  is  by  far  the  swiftest  to  convert  input  to  output. 
The  fuel  residence  time  of  a  typical  combustor  is  less  than 
10  milliseconds.  Since  the  engine  controls  govern  fuel  flow 
rate  and  the  variable  turbine  nozzles,  the  engine  parameters 
which  require  monitoring  are  those  immediately  affected  by 
the  combustor  as  listed  below. 

Gas  generator  inlet  temperature 

Recuperator  inlet  temperature 

Gas  generator  speed 

Power  turbine  speed 

Failure  conditions  are  overtemperature  and  over speed. 

A  comparison  of  the  time  constants  related  to  the 
components  which  generate  the  parameters  and  the  time 
constants  of  the  sensors  used  to  sense  the  parameters  show 
that  the  and  parameters  associated  with  the  gas 

generator  are  the  most  critical. 

TABLE  I.  COMPONENT  AND  SENSOR  TIME  CONSTANTS 


’GG 


•PT 


Component 

Component _ Time  Constant _ Sensor  Time  Constant 


Combustor 

(temperature) 


Gas  Generator 
and  Powe  r 
Turbine  Wheels 
(speed) 


Six  milli¬ 
seconds  fuel 
residence 
time 


1  s 


Fluidic  Temperature  Sensor 

T  =  0.7  s  at  100 
percent  N^^^ 

X  =  2.5  s  at  50 
percent  N^^ 

Fluidic  Speed  Sensor 


^  =  0.1  s 


Recuperator  15  to  19  s  Fluidic  Temperature  Sensor 

(temperature) 

T  =0.7  s  at  maximum 

temperature  set  point 
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An  overspeed  condition  of  the  gas  generator  (N^^)  can 

be  sensed  and  corrected  by  a  fluidic  speed  sensor.  However, 
this  condition  will  be  considered  because  of  its  close 
relationship  to  changes  in  fuel  flow  and  also  to  obtain  a 
better  understanding  of  noise  suppression  and  the  manner  in 
which  this  affects  the  response  characteristics  of  the  speed 
sensor . 


The  power  turbine  speed  parameter  is  further 

removed  from  changes  in  fuel  command  and  is  also  provided 
with  a  measure  of  safety  by  the  variable  turbine  nozzle 
(VTN) .  Thus,  the  situation  of  sensing  and  providing  an 
appropriate  corrective  action  for  a  gas  turbine  inlet  over¬ 
temperature  condition  (T^)  is  by  far  the  most  demanding  task 

for  the  fuel  control  system. 


In  the  event  there  is  a  failure  in  which  an 
increase  in  fuel  flow  is  commanded,  the  gas  turbine  inlet 
over temperature  condition  (T^)  should  lead  all  other  criti¬ 
cal  overtemperatures  and  overspeed  conditions  and  thus 
should  be  used  for  sensing  and  providing  correction. 


The  failure  circuits  for  T^,  Tg,  and  the  circuits 


Ngg  and  Np^  should  be  the  same  (see  Figure  5) 


T4 

^6 


SENSORS 


for 


TO  FLUIDIC 
CONTROL 


CHOPPER 


''•gg 


'PT 


LAMINAR 

ANALOG 

SPEED 

SENSOR 


SENSORS 


Figure  5.  Block  diagram  of  sensor-to-fluidic 
switchover  logic. 


A  model  simulation  is  presented  in  the  following  para¬ 
graphs.  For  purposes  of  reconstruction  of  the  simulation,  a 
more  detailed  presentation  is  included  in  Appendix  A. 
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2 . 2  Model  Simulation 

The  block  diagram  shown  in  Figure  6  is  a  linearized 
model  of  the  GT601  engine  and  driveline.  In  conducting  the 
overtemperature  and  overspeed  simulations,  the  portion  of 
the  model  heavily  outlined  in  Figure  6  was  used.  The  engine 
parameters  outside  the  box  affect  T^  and  but  for 

typical  fuel  command  changes,  their  contributions  are  negli¬ 
gible  for  about  500  milliseconds.  The  failure  conditions 
are  expected  to  occur  within  the  500-millisecond  time  frame 
and,  therefore,  the  truncated  model  is  sufficient  for 
extracting  meaningful  information. 


Failure  conditions  were  represented  by  changes  in  T^ 

and  in  which  excursions  from  maximum  levels  of  operation 

to  failure  levels  are  linear  ramps.  The  rates  of  T^  and 

due  to  fuel  command  changes  on  the  VTN  were  converted  into 
equivalent  changes  of  fuel  flow.  The  failures  would  occur 
in  the  electronic  channel.  When  the  failure  signals  reached 
the  level  of  the  switch  points,  the  fluidic  control  would 
then  dictate  the  command  signal  before  failure  (Figures  7 
and  8)  .  Noise  inputs  applied  to  the  failure  signals  were 
simulated  T^  and  signals.  These  signals  were  used  to 

determine  the  effects  of  noise  on  switching. 


2.3  Temperature  Simulation 


Temperature  simulations  were  conducted  by  making  the 
speed  signal  path  switch  inactive.  The  ’model  initially 
begins  operating  at  a  high  control  temperature  (T^  =  1800F) 

3Wf 

and  a  change  is  commanded  to  give  a  T^  change  at  a  given 

rate.  Known  dynamic  information  is  used  for  the  fluidic 
components.  The  engine  parameters  change  as  a  function  of 
operating  point  T^,  etc.);  however,  in  these  simula¬ 
tions,  they  were  assumed  to  be  constant.  The  various  partial 
derivatives  were  checked  for  drastic  changes  when  the  T^ 

level  increased  from  1800F  to  2000F.  The  changes  were  found 
to  be  small;  thus,  the  assumption  of  constant  values  would 
be  sufficient  and  reasonable  for  purposes  of  this  simula¬ 
tion. 
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ELECTRONIC 


NOISE 


Figure  7. 


Block  diagram  of  computer  model  of 
engine  and  failure  detection  circuits. 


INTERFACe  COMBUSTOR  GASGENERATOR 


FILTER  F/A  CHOPPER 


NOISE 


Figure  8.  Simplified  dynamic  model. 


18 


Table  II  shows  the  range  of  values  of  the  fluidic  com¬ 
ponents  and  engine  parameters  used  in  the  simulations. 


TABLE  II.  FLUIDIC  CONTROL  CHANNEL  ANALYTICAL 
SIMULATION  PARAMETERS 

Fluidic  Components 

and  Engine  Parameters _ Range  of  Values 


3T4 

3w^ 

S  -  switch  and  interface  delay 
tq  -  combustor  fuel  residence  time 
T„  -  T.  sensor  time  constant 


2  to  13F  per  Ibm 
per  hr 

10  to  30  milliseconds 
6  milliseconds 
0.7  to  2.5  seconds 


/  -  f requency-to-analog 

'  conversion  time  constant 

w^  -  fuel  flow 

-  filter  time  constant 

Lead/lag  ratio 


20  to  30  milliseconds 

200  Ibm  per  hr  maximum 
zero  to  0.025  second 
1 ,  3 ,  and  10 


T^  -  temperature  rates 


200  to  lOOOF  per 
seconds 


Figures  9  and  10  are  plots  of  T^  and  T^-sensor  versus 

time.  They  show  that  an  overtemperature  circuit  with  a  2.5- 

second  T4  sensor,  a  compensator  with  a  lead-lag  ratio  of  3, 

and  a  noise  filter  set  at  0.005  and  0.025  second,  can 

respond  adequately  to  T^  values  much  higher  than  seen  in 

normal  engine  operation.  (In  the  case  of  the  plots, 

T^  =  700  degrees  per  second.)  The  filter  and  switch  point 

are  boot-strapped.  Increasing  the  size  of  the  filter  neces¬ 
sitates  use  of  a  lower  switchpoint.  The  tradeoff  is  not 
even  since  the  filter  may  affect  response  more  than  it 
attenuates  noise. 
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Using  a  fluidic  failure  circuit  made  of  state-of-the- 
art  components  is  dynamically  adequate  within  the  limits  of 
this  analysis. 

2.4  Speed  Simulation 

The  time  constants  of  the  gas  generator  and  power 
turbine  are  larger  than  the  time  constants  of  the  speed 
sensors  used  to  sense  their  speeds.  Changes  in  speed  would 
not  occur  as  quickly  as  those  in  temperature;  therefore, 
there  is  no  concern  about  the  dynamic  ability  of  fluidic 
speed  sensors  to  respond  to  overspeed  conditions.  The  speed 
circuit  used  to  a  chopper-type  f requency-to-analog  con¬ 
verter  which  is  slowest  (relatively)  to  respond.  The  model 
used  is  as  shown  in  Figure  8  with  the  temperture  path  switch 
shorted.  Thus,  an  overtemperature  condition  does  not 
trigger  the  interface  before  an  overspeed  condition  can 
develop  (see  Figure  11) . 
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Figure  11.  Speed  and  sensed  speed  without 
filter  (simulated) . 
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Figure  12  is  a  plot  of  the  gas  generator  simulated 
speed  and  the  sensed  speed.  The  speed  is  initially  at  the 
highest  control  level.  The  computer  then  inputs  a  command 
to  the  maximum  fuel  flow  rate.  The  noise  seen  is  that  of  the 
speed  sensors  and  the  f requency-to-analog  converter.  As 
anticipated,  it  is  evident  that  the  sensed  signal  follows 
quite  well. 
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Figure  12.  Speed  and  sensed  speed  with  filter  (simulated). 


Figure  12  also  shows  a  speed  simulation  with  a  high 
frequency  filter  greater  than  a  decade  out  from  the  speed 
sensor  frequency.  The  sensed  speed  lags  less  than  10  milli¬ 
seconds  during  the  speed  ramp  and  20  milliseconds  less  when 
fuel  is  cut  back  and  the  speed  drops.  The  response  rate  is 
sufficiently  high  to  permit  enhancing  the  signal  quality  at 
some  loss  of  response  should  that  become  desirable. 
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Figure  13  shows  a  simulation  conducted  with  simultan¬ 
eously  active  speed  and  temperature  failure  signal  paths. 
This  is  similar  to  the  overtemperature  plots  and  confirms 
the  expectation  that,  with  a  sudden  increase  in  fuel  com¬ 
mand,  an  overtemperature  condition  would  occur  before  over¬ 
speed  occurs. 
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Figure  13.  Simulated  and  sensed 
with  effects  of  speed. 


The  model  did  not  have  the  feedback  effects  on  T.  due 

to  the  gas  generator  speed  —  is  negative).  In  reality, 

as  the  speed  of  the  turbine  increases,  the  model  would  begin 
to  attenuate  the  overtemperature  condition.  The  analysis 
shows  that  the  control  system  is  safe  with  considerable  mar¬ 
gin. 
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2.5  Interface 


If  the  electronic  control  channel  fails,  the  fluidic 
channel  must  be  allowed  to  control  the  fuel  metering  valve 
and  variable  turbine  nozzle  actuator.  This  must  be  accom¬ 
plished  through  an  interface  which  must  also  accept  elec¬ 
tronic  and  manual  switch  signals.  Various  block  diagrams  of 
configurations  implementing  the  switchover  from  electronic 
to  fluidic  control  are  shown  in  Figures  14  through  17.  The 
configurations  were  evaluated  with  respect  to  the  following 
considerations : 

1.  The  interface  must  have  no  positive  failure 
modes.  A  failure  in  the  interface  must  leave 
at  least  one  control  channel  open. 

2.  The  switchover  must  be  mutually  exclusive. 
Erroneous  information  from  the  failed 
controller  must  not  be  capable  of  influenc¬ 
ing  the  secondary  channel. 

3.  The  number  of  times  the  weakest  components 
are  cycled  during  normal  operation  should  be 
minimi  zed . 

4.  Time  delays  in  generating  a  control  signal 
should  be  minimized. 

2.5.1  Type  1  Configuration 

In  Figure  14,  the  failure  of  the  summing  amplifier 

eliminates  both  channels  of  information.  In  the  shunt 
approach,  the  shunt  must  be  complete  or  an  erroneous  control 
signal  will  develop. 

2.5.2  Type  2  Configuration 

In  Figure  15,  the  failure  of  the  summing  amplifier 

leaves  the  interface  free  of  positive  failure  modes; 
however,  a  transient  delay  related  to  activating  the  fluidic 
supply  exists. 
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Figure  15.  Signal  channel 
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2.5.3  Type  3  Configuration 


The  interface  of  Figure  16  avoids  the  drawbacks  men¬ 
tioned  in  Type  1  (Figure  14)  and  Type  2  (Figure  15) .  If  the 
fluidic  channel  solenoid  does  not  seat,  the  fluidics  may 
influence  the  electronic  channel.  However,  if  an  electronic 
failure  condition  should  develop,  the  mode  selector  will 
switch  to  the  fluidics.  There  may  be  limitations  in  summing 
both  control  signals  downstream. 

2.5.4  Type  4  Configuration 

Figure  17  illustrates  a  design  which  takes  into  account 
the  drawbacks  of  the  other  designs  and  rectifies  them. 

Figure  17  (Type  4)  is  set  up  in  the  following  manner; 

1.  Fluidic  information  flows  through  the  inter¬ 
face;  this  is  to  avoid  any  transients  due  to 
signal  generation  if  the  fluidic  supply  was 
switched . 

2.  The  electronic  channel  supply  is  activated 
by  the  solenoid.  In  this  manner,  transients 
occur  only  during  startup,  and  an  uncali¬ 
brated  E/F  transducer  does  not  influence  the 
fluidic  channel  after  a  switch  has  been  made. 

The  mutual  exclusivity  of  channels  of  controls  will  be 
violated  only  if  there  is  a  double  failure  of  the  fluidic 
channel  solenoid  and  the  channel  select  ball  and  seat.  A 
safe  condition  would  still  result  since  a  failure  condition 
would  open  the  fluidic  channel  completely.  Improper  seating 
of  the  ball  on  the  seat  (if  it  should  create  a  failure 
condition)  would  also  result  in  a  switch  to  the  fluidics. 
The  weakest  point  of  the  interface  is  the  fluidic  select 
diaphragm.  Should  it  break,  a  fluidic  switch  could  not  be 
executed.  The  diaphragm  moves  only  when  a  failure  occurs; 
thus,  the  number  of  cycles  it  goes  through  during  the  opera¬ 
tional  life  of  the  engine  is  very  low.  Therefore,  the 
possibility  of  fatigue  failure  is  low. 

When  power  is  lost  or  shorted  out,  the  solenoids  are 
de-energized.  The  fluidic  channel  is  active  through  to  the 
selector,  and  a  switch  can  be  manually  executed. 
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Figure  16.  Signal  channel  supply  or  signal  shunt  select 
(Type  3) . 
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Figure  17.  Signal  channel  supply  or  signal 
shunt  select  (Type  4) . 


The  electronics  and  fluidics  will  control  both  the  fuel 
metering  valve  and  the  variable  turbine  nozzle  system  on  the 
engine.  The  electronic  control  channel  needs  only  one 
supply  on-off  control,  and  the  fluidic  channel  needs  a 
signal  (on-off)  control  with  a  solenoid  to  open  the  VTN  con¬ 
trol  (Figure  18) . 


3.  LABORATORY  TESTING 

3 • 1  Pseudo-Temperature  Generator 

The  T^  temperature  sensor  is  an  integral  part  of  the 

over  temperature  signal  path  through  which  failures  are 
detected.  It  is  a  fluidic  device  and  is  composed  of  a  bi¬ 
stable  amplifier  with  its  inputs  connected  by  a  tube.  When 
hot  gas  from  the  combustor  flows  across  the  coiled  tube,  the 
frequency  of  oscillation  of  the  amplifier  changes  propor¬ 
tionally  with  temperature.  The  frequency  of  oscillation  is 
related  to  am.plifier  supply  pressure,  the  length  of  the 
tube,  and  temperature  (see  Figure  19) .  Because  the  sensed 
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Figure  19.  T^  sensor  concept. 

parameter  of  the  T^  sensor  is  temperature,  it  would  be  very 

difficult  in  the  laboratory  to  generate  well-defined  fre¬ 
quency  output  signals  with  the  present  sensor.  The  sensor 
would  have  to  be  placed  in  a  combustor  tube.  With  large 
thermal  inertias  and  the  difficulty  of  relating  temperature 
to  fuel  flow,  accurate  calibration  for  testing  other  cir¬ 
cuits  and  the  entire  temperature  path  would  be  very  diffi¬ 
cult  to  obtain. 


The  pseudo-temperature  generator  is  a  facsimile  that 
enables  well-defined  electronic  commands  to  be  converted 
into  T^  circuit  outputs  (Figure  20).  The  generator  works  on 
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Figure  20.  T^  sensor  block  diagram. 
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the  principle  that  frequency  changes  can  be  induced  by 
changing  the  input  connection  tube  length.  The  pseudo¬ 
temperature  generator  is  shown  in  the  block  diagram  of 
Figure  21. 
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Figure  21.  Psuedo-temper ature  generator  block  diagram. 

In  obtaining  dynamic  information  of  the  fluidic  com¬ 
ponents,  the  trombone  (variable  length  input  tube)  actuator 
is  calibrated  for  maximum  response  within  the  bounds  of 
stability. 

The  actual  T^  sensor  has  a  lag  related  to  the  heat 

transfer  characteristics  of  the  input  tubes.  By  adjusting 
the  position  feedback  signal  of  the  electronic  controller 
such  that  there  is  minus  45-degree  phase  at  the  frequency  of 
the  lag,  the  setup  can  be  used  as  a  simulator.  The  setup 
shown  in  Figure  22  is  now  dynamically  equivalent  to  the 
actual  T^  sensor. 
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Figure  22.  Pseudo-temperature  generator  test  setup. 
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3 . 2  Temperature  Signal  Path  Testing 

Over  temperature  conditions  in  either  T^  or  Tg  must  be 

detected  and  rectified  by  a  switch  of  control  channels.  The 
components  comprising  a  temperature  signal  path  are  shown  in 
the  diagram  of  Figure  23. 


OTHER  SWITCHING  SIGNALS 


Figure  23,  Temperature  signal  path. 


Sensing  T^  overtemperature  is  the  most  critica]  of  all 

the  possible  signals  to  switch  on.  The  margin  between  the 
occurrence  of  a  combustor  event  and  the  response  of  the  T^ 

sensor  is  the  smallest  of  all  the  engine  components  and 
their  related  sensors. 

The  analysis  showed  that  an  overtemper ature  condition 
can  be  caught  with  a  T^  sensor  with  a  time  constant  of  2.5 

seconds  and  a  compensator  with  a  LEAD-LAG  ratio  of  3.  V7hen 
exposed  to  the  maximum  control  temperature,  the  time  con¬ 
stant  of  the  actual  T^  sensor  is  between  0.7  and  0.8  second, 

indicating  that  a  lead  is  not  necessary  and  that  the 

sensor  used  with  a  f requency-to-analog  converter  and  gain 
block  may  be  dynamically  adequate. 

In  testing,  the  pseudo-temperature  generator  is  con¬ 
nected  to  a  f requency-to-analog  converter  and  gain  block 
(see  Figure  24).  Figure  25  presents  a  test  flow  graph  which 
shows  the  sequence  of  testing. 
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Figure  24.  Temperature  te^t  setup. 
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Figure  25.  Testing  flow  graph. 
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3.3  Temperature  Sensor  Test  Results 


The  fluidic  components,  inclusive  of  the  fluidics  in 
the  T^  sensor,  have  the  capability  of  responding  to  any 

signal  up  to  5  Hz  as  seen  in  the  amplitude  and  phase  plots 
(refer  to  Figure  26).  The  0.2-Hz  frequency  corresponds  to 
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the  T^  thermal  lag  at  1800F.  From  the  Bode  plot  and  the  fact 

that  normal  engine  cycle  frequencies  are  well  under  2  Hz,  it 
is  apparent  that  the  thermal  heat  transfer  lag  is  the  most 
dominant  concern.  The  fluidic  components  have  more  than 
adequate  responsiveness. 


3.3.1  Simulation  Tests 


The  controller  of  the  pseudo-temperature  generator  was 
adjusted  so  that  the  lag  was  identical  to  that  of  the  actual 
T^  sensor.  The  response  sweep  is  shown  in  Figure  27. 

Ramp  commands  were  simulated  by  inputting  a  sawtooth 
wave.  Comparisons  between  the  fluidic  output  and  the  com¬ 
mand  were  then  photographed  and  compared  on  an  oscilloscope. 
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Figure  27.  Response  of  setup  and  fluidics  with 
electronically  induced  lag. 

The  oscilloscope  photograph  in  Figure  28  shows  a  400- 
degree-per-second  rate  of  change  of  temperature.  The 
fluidic  signal  is  following  the  simulated  temperature  in  the 
manner  of  simple  delay  0.07  to  0.10  second  behind.  The 
amplitude  of  the  noise  is  about  one-fifth  that  of  the  20F 
signal  band  of  noise. 


RAMP  IS  0.25  S  LONG. 
TOTAL  CHANGE  OF  OUTPUT 
IS  20  Hz  (120F). 


Figure  28.  Temperature  ramp  simulation. 
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The  maximum  control  temperature  for  is  between  1800F 

and  1880F,  depending  on  ambient  conditions.  The  highest 
control  temperature  occurs  at  altitude  on  a  hot  day.  The 
engine  can  withstand  temperatures  of  near  2100F,  but  only 
for  periods  of  less  than  20  seconds.  Using  the  delay  time 
of  0.07  to  0.10  second  and  a  noise  band  of  20F  as  see.'  in 
Figure  27,  an  appropriate  switch  point  or  necessary  level 
can  be  determined. 

During  normal  operating  conditions,  the  gas  turbine 
engine  generally  sees  T^  temperature  rates  of  less  than  200 

degrees  per  second.  Figure  29  shows  a  rate  envelope  between 
200  and  1000  degrees  per  second. 


Figure  29.  Over temperature  switching  margins. 


To  avoid  a  T^  temperature  level  of  2000F  when  the  tem¬ 
perature  is  increasing  at  a  rate  of  1000  degrees  per  second, 
the  switch  point  must  be  set  between  1895F  to  1930F  and,  for 
a  200  degrees  per  second  rate,  the  switch  point  must  be  set 
no  higher  than  1990F  (see  Figures  30  and  31)  .  Possible 
switch  points  would  fall  between  the  1980F  to  1895F  levels 
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Figure  30.  High  rate  switch  point. 


Figure  31.  Low  rate  switch  point. 
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of  the  control  temperature  envelope.  Allowing  for  noise  and 
some  margin,  a  switch  point  of  1900F  to  1910F  can  accommo¬ 
date  temperature  rates  up  to  900  degrees  per  second  beyond 
which  there  would  be  some  overshoot  (see  Figure  32)  . 
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Figure  32.  Switch  points  for  different  temperature 
rates  of  change. 


A  switchpoint  should  be  chosen  such  that  it  is  beyond 
normal  noise  excursions  and  yet  as  close  to  the  normal  con¬ 
trol  temperature  as  possible  to  minimize  the  maximum  actual 
temperature  overshoot. 

From  Figures  30  and  31,  it  can  be  seen  that,  by  choosing 
a  1910F  switchpoint,  temperature  overshoots  from  the  maximum 
control  temperature  (at  rates  near  200  degrees  per  second  and 
slower)  can  easily  be  rectified.  The  maximum  actual  temper¬ 
ature  should  not  exceed  1930F.  Should  temperature  rates 
five  times  those  normally  seen  in  engine  operation  occur, 
the  maximum  overshoot  temperature  would  be  limited  to  2015F. 
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3 . 4  Speed  Sensor 

The  laminar  amplifier/disc  speed  sensor  is  investi¬ 
gated  here  as  a  means  of  obtaining  accurate  speed  information. 
Because  of  the  simplicity  of  design,  separate  speed  channels 
for  control  and  speed  limiting  are  possible;  therefore, 
packaging  and  adaptation  of  the  sensor  to  an  engine  is 
relatively  easy.  Any  exposed  shaft  may  be  used  for  a  speed 
pickoff,  and  the  number  of  pickoffs  per  shaft  is  limited 
only  by  the  relative  size  differences  between  the  sensor 
amplifiers  and  the  number  of  amplifiers  that  can  be 
clustered  around  or  placed  axially  along  the  shaft. 

The  sensor  amplifier  stack  may  be  clustered  around  an 
open  shaft  as  in  Figure  33  or  sealed  in  a  closed  package 
around  the  roller  or  disc  as  shown  in  Figure  34.  In  the 
latter  case,  the  disc  may  be  coupled  through  a  magnetic 
drive  coupling  from  a  shaft  within  the  engine  gearbox  or 
from  a  splined  shaft  at  an  accessory  mount  pad. 


LIMIT  SPEED  STACK 


USES  ACTUAL 
SHAFT. 

Figure  33.  Open  package 
speed  sensor. 


CLOSED  PACKAGE 

USES  SEAL  AND 
SEPARATE  ROLLER. 

Figure  34.  Closed  package 
speed  sensor . 


3.4.1  System  Description 

The  boundary  layer  flow  generated  by  a  one-inch-diam¬ 
eter  disc  was  found  to  be  sufficient  to  drive  a  typical 
laminar  amplifier.  Flow  generation  of  various  surfaces  is 
shown  in  Figure  35.  A  cylindrical  roller  (disc)  was  used 
in  this  study  due  to  its  similarity  to  a  shaft.  The 
boundary  layer  flow  from  the  disc  is  used  as  a  crossflow 
over  the  interaction  region  of  the  amplifier  shown  in 
Figure  36.  The  crossflow  deflects  the  power  jet  flow  and 
creates  a  differential  output  pressure  that  is  proportional 
to  shaft  speed. 
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Figure  35.  Classes  of  moving  surfaces  for 
amplif ier/disc  speed  sensor. 
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Figure  36.  Interaction  region  of  fluidic  amplifier. 


The  sensor's  two  major  parts  are  a  disc  and  a  laminar 
amplifier  which  are  shown  in  Figure  37.  The  disc  sits  above 
a  brazed  amplifier  assembly  and  influences  the  amplifier 
through  the  open  vent  slot.  The  effects  of  axial  offset  in 
alignment  and  axial  rotation  can  be  seen  in  Figure  38. 


Figure  37.  Disc  and  laminar  amplifier. 


Moving  the  disc,  rotating  counterclockwise,  to  the 
right  of  the  centerline  of  the  axis  of  rotation  increases 
the  nonlinearity  of  the  speed-pressure  relationship  and 
moves  the  curve  to  the  right.  Moving  the  roller  to  the  left 
by  an  equal  amount  increases  the  nonlinearity  in  the 
opposite  direction.  Movement  away  from  the  centerline  in 
either  direction  increases  the  noise  level  in  the  upper 
limits  of  the  speed  range  and  reduces  the  range  of  a  useful 
signal.  Rotating  the  axis  of  rotation  of  the  disc  in  either 
direction  away  from  the  centerline  of  the  gap  has  a  similar 
deteriorating  effect  on  performance. 
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Effects  of  axial  offset  and  axial 
rotation. 


3.4. 1.1  Critical  Parameters  -  For  a  given  amplifier 
power  jet  nozzle  area,  there  is  an  optimal  gap  and  maximum 
roller  diameter.  The  gap  is  the  distance  from  the  disc  sur¬ 
face  to  the  top  of  the  amplifier  nozzle  shown  in  Figure  39. 
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Figure  39.  Gap  distance  for  laminar  amplifier/disc 
speed  sensor. 


The  optimal  gap  depends  on  the  velocity  profile  which 
develops  around  the  disc.  If  the  gap  is  too  large,  there 
may  not  be  sufficient  momentum  exchange  to  drive  the  ampli¬ 
fier  through  its  full  range. 

The  maximum  disc  diameter  relates  to  velocity  profile 
development  and  the  need  to  keep  the  crossflow  from  going 
into  turbulent  transition,  thus  generating  noise. 

The  sensor's  sensitivity  at  a  given  supply  pressure  and 
aspect  ratio  (flow  area)  decreases  with  increasing  gap  (see 
Figure  40).  The  sensor's  optimal  gap  is  a  tradeoff  between 
the  highest  sensitivity  obtainable  (as  small  a  gap  as  possi¬ 
ble)  and  the  noise  or  output  variations  due  to  disc  runout. 

In  applications  where  the  need  for  high  shaf t-speed-to- 
amplifier  output  gain  (which  increases  with  disc  diameter) 
requires  a  large  disc  diameter,  a  boundary  layer  inhibitor 
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Figure  40.  Sensitivity  versus  gap. 


can  be  used  as  shown  in  Figure  41.  The  inhibitor  can  either 
completely  suppress  the  velocity  profile  generated  by  the 
roller,  or  suppress  it  sufficiently  to  prevent  transition. 


Figure  41.  Boundary  layer  inhibitor. 


Figure  42  shows  the  output  signals  of  the  sensor  at  various 
inhibitor  gaps.  Placement  of  the  inhibitor  is  critical  only 
in  preventing  transition.  Placing  it  closer  to  the  inter¬ 
action  point  slightly  decreases  gain. 

3.4.2  Vent  Geometry 

Five  types  of  vent  geometries  were  evaluated:  small 
circle,  large  circle,  open  square,  slot,  and  vent  contour 
(see  Figure  43)  . 

The  power  jet  is  influenced  more  when  the  opening  is 
closer  to  the  power  jet  nozzle.  A  fluid  particle  has  more 
time  to  move  laterally  in  the  flow  direction  when  it  is 
farther  away  from  the  splitter. 

Noise  increased  proportionally  with  increased  exposure 
of  the  vent  region.  The  slotted  vent  had  comparatively  good 
operation  and  less  noise  development.  The  slotted  vent  best 
accommodated  the  crossflow  by  eliminating  velocity  com¬ 
ponents  except  for  those  directed  perpendicularly  toward  the 
power  jet. 
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SMALL 

CIRCLE 


Figure  43.  Vent  geometries  for  a  fluidic  amplifier. 


3.4.3  Aspect  Ratio 

The  best  usable  linear  range  of  operation  and  the  max¬ 
imum  linear  output  occurred  when  using  an  amplifier  assembly 
with  a  throat  aspect  ratio  of  one  (see  Figure  44).  Outputs 
of  amplifiers  with  smaller  or  larger  aspect  ratios  were  less 
linear . 
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SPEED,  RPM 


3.4.4  Test  Results 


A  unit  composed  of  a  one-inch-diameter  disc  and  a 
0.02  X  0.02-in.  power  nozzle  amplifier  (Garrett  Part 
3155131)  was  used  to  test  the  concept.  An  inhibitor  was 
placed  in  full  contact  with  the  roller  one-quarter  turn  in 
front  of  the  disc-vent  region.  The  disc  was  aligned  with  no 
axial  offset  or  rotation.  Under  these  conditions  with  pres¬ 
sure  supply  at  1.0705  mm  Hg  (2.0  in.  H2O) ,  the  sensor  demon¬ 
strated  the  performance  shown  in  Table  III. 


TABLE  III.  LAMINAR  AMPLIFIER/DISC  SPEED  SENSOR 


Parameter 

Figure 

45 

Typical 

Values 

optimal  Gap 

0.015 

0.009 

to  0.014  in. 

Usable  AP  Linear  Range 

0.25-0.30 

0.20 

to  0.40  mm  Hg 

Sensitivity  t 

^  1000  rpm 

0.062 

0.060 

to  0.080 

Signal-to-Noise  Ratio 

300:1 

over 

speed 

4750  rpm 
range 

Curves  of  the  best  design  configuration  are  shown  in 
Figure  45.  The  noise  at  the  low  speed  saturation  is  due  to 
the  bearing  mount.  The  noise  at  the  high  speed  saturation 
is  due  to  turbulent  transition. 

A  laminar  gain  block  can  be  used  to  increase  the  gain 
of  the  low  level  output  signal  up  to  a  usable  range.  The 
output  s ignal-to-noise  ratio  is  quite  high  and  a  gain  block 
should  not  add  significantly  to  the  noise  level.  Laminar 

gain  blocks  with  gains  in  excess  cT  10^  are  realizable; 
therefore,  reaching  usable  levels  cf  output  is  not  a 
problem. 


3. 4. 4.1  Speed  Sensor  and  Temperature  Sensitivity  -  A 
test  rig  with  a  closed  housing  for  the  disc  was  built  for 
temperature  testing  the  laminar  speed  sensor  (see  Figures  46 
through  49)  .  The  matrices  of  combinations  of  temperature 
between  the  disc  boundary  air  layer  and  the  amplifier 
through-flow  are  shown  in  Figure  50. 
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Figure  47.  Front  view  of 
test  housing. 


Figure  49.  Top  v 
test 
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LAMINAR  AMPLIFIER 
SUPPLY  FLOW 


PRESSURE 


DISC  BOUNDARY  LAYER  FLOW 


AMBIENT  HOT 


HOT 

FIGURE  53 

FIGURES  54,  55 

FIGURE  45 

AMBIENT 

(PROTOTYPE 

FIGURE  52 

AMPLIFIER) 

Figure  50.  Temperature  testing  matrix. 
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The  heating  of  the  amplifier  air  supply  gives  informa¬ 
tion  on  the  effects  of  Reynolds  number  changes  in  the  power 
jet.  Heating  the  ambient  air  should  affect  the  behavior  of 
the  crossflow  air.  The  results  shown  in  Figures  51  through 
54  indicate  very  little  change  in  sensitivity  or  signal-to- 
noise  ratio  with  the  output  signal  over  the  full  range  of 
temperatures  tested.  In  the  hot  supply/ambient  boundary  layer 
plot,  a  temperature  difference  as  high  as  200F  does  not 
significantly  affect  the  sensor. 
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Figure  51. 


Sensor  temperature  test:  hot  boundary 
layer,  ambient  amplifier  supply. 
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OUTPUT  SIGNAL  AP,  mm  Hg 
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Figure  54.  Sensor  temperature  test:  hot  boundary 
layer,  hot  amplifier  supply. 

4.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  evaluation  and  testing  conducted  during  this  phase 
of  the  program  has  shown  that,  with  state-of-the-art 
fluidics,  critical  gas  turbine  engine  failure  modes  can  be 
detected  and  automatic  switching  to  a  fluidic  control  can 
be  accomplished.  Interface  of  all  engine  control  sensors 
can  be  accomplished  for  fluidic  fuel  metering  and  variable 
turbine  nozzle  control. 

Speed  sensing  accuracy  required  for  GT601  gas  turbine 
engines  can  be  obtained  using  the  laminar  amplifier/disc 
speed  sensor .  its  signal-to-noise  ratio  is  high  and  the 
output  signal  can  be  biased  by  controlled  jet  inputs,  making 
the  sensor  adaptable  to  speed  governing.  The  combined  per¬ 
formance  of  the  sensor  and  laminar  gainblock  needs  to  be 
evaluated  when  metering  valve  operating  pressures  are  known. 
It  is  expected  that  both  usable  signal  levels  and  good 
signal  quality  can  be  obtained.  Because  of  the  simplicity 
of  its  design,  any  number  of  sensor  circuits  can  be 
clustered  on  a  single  shaft  to  provide  speed  control  and 
limiting . 
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The  overtemperature  conditions  that  might  occur  in 
engine  failures  are  the  most  demanding.  Because  of  its  heat 
transfer  nature,  the  response  of  a  temperature  sensing 
device  is  inherently  slow.  The  T^  sensor  and  failure 

deflection  circuits  were  found  to  be  capable  of  responding 
to  temperature  rates  nearly  five  times  faster  than  changes 
seen  during  normal  engine  operation.  From  the  standpoint  of 
circuit  improvement  either  electronically  or  fluidically,  a 
device  (the  electronic  or  fluidic  analog)  as  illustrated  in 
Figure  55  should  be  investigated  in  conjunction  with  the  T. 
failure  circuits. 


Figure  55.  Lag-lead  with  hysteresis. 


The  circuit  will  enable  the  addition  of  lead  to  the 
temperature  signal  without  the  increase  of  noise  level  in 
the  range  of  frequencies  where  the  lead  is  active.  In  this 
manner,  the  response  of  the  temperature  sensor  can  be 
increased  without  a  loss  of  signal  accuracy. 

The  fluidic  circuits  used  in  this  study  were  evaluated 
from  the  standpoint  that  failure  conditions  would  be  sensed 
and  a  critical  situation  avoided  by  switching  channels  of 
control  information.  It  is  advantageous  for  the  long  term 
scope  of  this  program  to  examine  the  possibilities  of  other 
direct  and  localized  controls  for  correcting  failure  condi¬ 
tions.  An  example  is  in  the  case  of  an  overtemperature  con¬ 
dition  where  the  VTN  could  be  directly  commanded  by  the  fail¬ 
ure  circuit  to  open  (at  least  momentarily)  and  hence  drop 
the  temperature  while  the  switch  is  being  executed.  This 
kind  of  approach  may  further  increase  the  ability  of  switch¬ 
ing  channels  safely  in  the  dual-channel  control  approach. 


ABBREVIATIONS,  ACRONYMS,  AND  SYMBOLS 


BL 

f/a 

F/A 

IGV 

N 

^’gg 

NpT 

Po 

Ps 

‘^gg 

s 

s 


boundary  layer 

f requency-to-analog 

f requency-to-analog  converter 

inlet  guide  vanes 

gas  generator  torque-speed  gain 

speed ,  rpm 

gas  generator  speed 

power  turbine  speed 

discharge  pressure 

supply  pressure 

gas  generator  torque 

Laplace  transform  operator 

switch  and  interface  delay 


T  temperature 

5  combustor  inlet  temperature 

gas  generator  inlet  temperature 
gas  generator  turbine  inlet  temperature, 
gas  generator  inlet  over temperature , 
gas  turbine  inlet  overtemperature, 

Tq  inlet  temperature 

compensated  gas  turbine  inlet  temperature 
gas  generator  inlet  temperature  change  rates 
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ABBREVIATIONS,  ACRONYMS,  AND  SYMBOLS  (CONT'D) 


'^6 

Tp 

VTN 

«f 

o-R 

^^OUT 

e+ 

0_ 

T 

■'f/a 

tgg 


recuperator  inlet  temperature 
turbine  temperature 
variable  turbine  nozzle 
fuel  flow 

aspect  ratio  of  amplifier 
differential  output  pressure 
effects  of  axial  rotation 
axis  of  roller  and  amplifier 
time  constant 

combustor  fuel  residence  time 
chopper  time  constant 
filter  time  constant 

f requency-to-analog  conversion  time  constant 
gas  generator  time  constant 
T^  sensor  time  constant 
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APPENDIX  A. -DUAL-CHANNEL  FUEL  CONTROL  MODEL  SIMULATION 


The  procedures  and  values  used  to  perforin  the  dual¬ 
channel  fuel  control  model  simulation  are  presented  in 
the  following  paragraphs. 

The  values  listed  in  Table  A-1  were  used  in  the  dynamic 
model  in  Figure  A-1. 


FI  FTTBONIC 


FI  UlOIC 


JNTERFACE  COMBUSTOR  GAS  GENERATOR 


Figure  A-1.  Simplified  dynamic  model. 

A  preliminary  evaluation  of  the  engine  model  as  pre¬ 
sented  in  Figure  A-2  showed  that,  for  short  time  periods, 
the  influences  of  the  recuperator  and  the  cross-coupling 
effects  of  the  VTN  and  power  turbine  could  be  ignored.  For 
purposes  of  determining  the  performance  required  of  the 
failure  detection  circuits,  the  boxed-in  parameters  were 
used.  The  other  parameters  would  have  inhibited  a  failure 
condition  from  developing,  or  were  weakly  coupled  to  the  gas 
generator  inlet  temperature  and  speed.  The  values  in 
Table  A-I  correspond  to  hot  day  and  an  altitude  environment 
of  3500  meters. 

To  conduct  a  simulation,  the  following  parameters  were 

set: 


N 

swatch 
T^  switch 

T4  rate 
’■filter 


speed  switch  point 

T4  failure  temperature  switch  point 
temperature  ramp  rate 
time  constant  of  filter 
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TABLE  A-I.  PARAMETER  VALUES  USED  IN  SIMULATION 


■^4 

^GG 

N 

Initialized 

Values 

1200  Ibm 
per  hr 

1800F 

37,540  rpm 

3T4 

3T4 

3T4 

Partials 

Affecting 

*^4 

3  Wj 

4.31F  per 
Ibm  per  hr 

-0.0295F 
per  rpm 

1.87F  per 
deg 

*■'3.5 

0.891 

"  " 

^T^sensor 

4 

^fluidics 

^gas 

generator 

Time 

Constants 

0.025  s 

0.005  s 

0.221  s 

"''combustor 

*de  lay 

’^recuperator 

0.006  s 

0.030  s 

19.6  s 
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Figure  A-2.  Linearized  model  of  GT601. 


The  temperature  and/or  speed  are  then  initialized  and  the 
lead/lag  ratio  of  the  compensator  is  set  at  values  between  one 
and  10,  inclusive.  A  lead-lag  ratio  of  one  corresponds  to 
no  lead. 

The  settings  listed  in  Table  A-II  were  used  for  runs 
illustrated  in  Figures  A-3  through  A-13.  For  these  simula¬ 
tions,  the  speed  signal  path  was  disconnected  to  produce  a 
switch  due  only  to  overtemperature. 


TABLE  A-II.  CONDITIONS  OF  SIMULATION  RUNS  WITH 
SPEED  SIGNAL  PATH  DISCONNECTED 


Figure 

No. 

T^  switch 

rate 

filter 

Lead/Lag 

ratio 

F 

F  per  s 

s 

A-3 

1840 

700 

None 

1 

A- 4 

1840 

100 

None 

1 

A- 5 

1840 

700 

0.005 

1 

A-6 

1840 

100 

0.005 

1 

A- 7 

1820 

700 

0.005 

1 

A- 8 

1820 

100 

0.005 

1 

A-9 

1820 

700 

0.005 

3 

A-10 

1820 

700 

0.005 

10 

A-11 

1820 

700 

0.025 

10 

A- 12 

1820 

700 

0.025 

3 

A-13 

1840 

700 

0.025 

3 
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T4  switch  -  1840F 
T4  RATE  -  700F  PER  s 
LEAD/LAG  RATIO  -  1 
NO  FILTER 

SPEED  SIGNAL  PATH  DISCONNECTED 


S  1850.00 -j 


1«0.004 - - - - - ^ - - - - - - - , - ^ - , - , 

0.00  0.10  0.20  OJO  0.40  0.S0  0.60  0.70  0.80  0.90  1.00 

RUN  1  7-2-79 


Figure  A-3.  Simulation  run  with  speed  signal 
path  disconnected. 


»00.<W-!  3  t4 

T4  SWITCH  •  1840F 

i  0  T4C 

T4  RATE  •  100F  PER  s 

1950.00 

LEAD/LAG  RATIO  -  1 

NO  FILTER 

1900.00 

SPEED  SIGNAL  PATH  DISCONNECTED 

Ik  i 

<P  1850.004 

HWW.OOl  .1  .  .  .  .  .  i~ 

0.00  0.10  0.20'  OJO  0.40  0.50  0.80  0.70  0.81 

RUN  2  7—7-70  TIME,  SEC 


Figure  A-4. 


Simulation  run  with  speed  signal 
path  disconnected. 
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TEMPERATURE.  OEG  F 


Figure  A-6.  Simulation  run  with  speed  signal 
path  disconnected. 
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Figure  A-7* 


Simulation  run  with  speed  signal 
path  disconnected. 


1700.00- 

1060.00  - 

1600.00  i - - - - -  - - - - -T-  ■  -  -  r - 1 - - - » 

0.00  0.10  0.20  0.30  0.60  0.60  0-60  0.70  0.60  0.90  1.00 

AUN  6  7-2-76  TIME.  SEC 


Figure  A-8.  Simulation  run  with  speed  signal 
path  disconnected. 


2000.00 


Q  T4 
O  T4C 


1860.00-1 


S  1750.00 


T4  SWITCH  •  1820F 
T4  RATE  •  700F  PER  • 

LEAO/tAG  RATIO  •  3 
^FILTER  “  ®  • 

SPEED  SIGMAL  PATH  DISCONNECTED 


1600.00 — 
0.00 


0.20  0.30 

7-2-79 


0.50  0.60 

TIME.  SEC 


Figure  A-9.  Simulation  run  with  speed  signal 
path  disconnected. 
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T4  SWITCH  •  1820F 
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*^FItTER  “  ®  • 
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Figure  A-10. 


Simulation  run  with  speed  signal 
path  disconnected. 
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TEMPERATURE,  OEG  F  C  TEMPERATURE,  DEG  F 


2000.00 1 

1960.00- 

1900.00- 


D  T4 
O  T4C 


T4  SWITCH  •  ia20F 
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re  A-11.  simulation  run  with  speed  signal 
path  disconnected. 


0.00  0.10 

RUN  10 


0.20  O.X  0.40  0.50  0.60  “-7“ 

7-2-79  TIME.  SEC 


1.00 


Figure  A-12.  Simulation  run  with  speed  signal 
path  disconnected. 
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RUN  11  a-7-79  time.  SEC 


Figure  A-13.  Simulation  run  with  speed  signal 
path  disconnected. 

Two  runs  were  conducted  with  the  temperature  signal 
path  disconnected  in  order  to  produce  failure  conditions  due 
only  to  overspeed.  Figures  A-14  and  A-15  present  the  traces 
without  a  filter  and  with  a  filter  (  =  0.025  s)  , 

respectively.  Other  settings  were  as  follows: 


Parameter _ Setting 

T.  1820F 

4 

rate  700F  per  s 

Lead/lag  ratio 
Nqg  switch 

Ngg  rate 


5  percent  overspeed 

related  to  maximum  rate 
without  VTN  braking 


^•'*1  0  XNGGC 

O  XNGGSf 


SWITCH  -  1820F 
T4  RATE  .  700F  PER  1 
LEAD/LAQ  RATIO  -  1 
NO  FILTER 

Nqg  -  S  PERCENT  OVERSPEEO 

Nog  -  related  to  maximum  T4 

RATE  without  VTN  BRAKING 
TEMPERATURE  SIGNAL  PATH  DISCONNECTED 


S 

c  3S0.00' 

d 


300.00 -I — - r  — I - 1  I - - - 1 - -  ■  - - , - , 

0.00  0.10  0.20  0.30  0.40  0.S0  0.60  0  70  0.80  0.90  1.00 

HUN  102  8-17-79  TIME,  SEC 


Figure  A-14.  Simulation  run  with  temperature  signal 
path  disconnected  (without  filter). 
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T4  RATE  •  700F  PER  i 
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RATE  WITHOUT  VTN  BRAKING 
TEMPERATURE  SIGNAL  PATH  DISCONNECTED 
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X  380.00 ' 


0.00  0.10  0.20  0.30  0.40  0.50  0.00  0.70  0.80  0.90  TOO 

RUN  102  B->17>79  TIME.  SEC 


Figure  A-15.  Simulation  run  with  temperature  signal 
path  disconnected  (with  filter) . 


A  single  run  was  conducted  with  a  filter  only  on  the 
speed  path  and  with  both  speed  and  temperature  signal 
channels  connected  to  produce  a  switch  (Figure  A-16) .  Other 
settings  were  as  follows: 


Parameter 


Settinc 


T-  switch 
4 

rate 


1820F 


700F  per  s 


Nqg  switch 


5  percent  overspeed 


Ngg  rate 


related  to  maximum  rate 
without  VTN  braking 


Lead/lag  ratio 


^filter 


0.025  s  (speed  path  only) 


T4  SWITCH  *  1820F 
T4  RATE  •  700F  PER  % 

LEAD/LAG  RATIO  -  1 
'FILTER  ”  *  (SPEED  PATH  ONLY) 

Nqq  SWITCH  >  5  PERCENT  OVERSPEED 
Nqq  RATE  -  RELATED  TO  MAXIMUM  T4 
WITHOUT  VTN  BRAKING 


1600.004- - .  ,  - - , - - - , - - - - - , - - 

0.00  0.10  0.20*  0.30  0.40  0.50  0.60  0.70  0.80  0.90  1.00 

RUN  103  6-17-79  TIME.  SEC 


Figure  A-16.  Simulation  run  with  speed  and  temperature 
signals  connected. 
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